Summary Statement: Localized exocytosis dilutes cholesterol from the phagocytic cup leading to the displacement of Lyn kinase and an attenuation of signaling. 
Introduction
Phagocytosis, the ingestion of particles >0. 5 FcγR transitions from detergent-soluble fractions to detergent-insoluble fractions following receptor activation 1 . Historically, these detergent-resistant membranes have been described as "lipid rafts" although this designation has fallen out of favor with many cell biologists 2 . Nevertheless, treatments that either remove or oxidize cholesterol are known to impact the functionality of the FcγR 1,3 .
The roles for cytoskeletal rearrangements and phosphoinositide metabolism during the formation of the nascent phagosome have been well documented. Comparatively, little is known about the dynamics of cholesterol during the formation and maturation of the phagosome. This dearth of knowledge is due, at least in part, to the inability to visualize cholesterol in real time. Recently, we developed fluorescently labeled biosensors based on Domain 4 (D4) of the theta toxin from Clostridium perfringens that can be used to monitor cholesterol in living cells 4 . To detect cholesterol in the outer leaflet of the PM a recombinant GFP-tagged version of D4 is added to the extracellular medium 4 . To detect cytosolic leaflet cholesterol, we use a mutant D4 with a lower threshold requirement to bind to cholesterol-containing membranes. Using these probes together with the fluorescent cholesterol binding macrolide, filipin, we have investigated the dynamics of cholesterol during the early stages of phagocytosis.
Results and Discussion

D4H binding to the PM is cholesterol-dependent and displaced during phagocytosis.
RAW macrophages were transfected with TdTomato-D4H, hereafter referred to as D4H, to monitor the relative abundance of cholesterol in the cytosolic leaflet of the PM. The probe localized to the PM in resting cells ( Figure 1A ) and relocalized to the cytoplasm following the extraction of cholesterol using methyl-β-cyclodextrin (mβCD). The cytoplasmic pool of D4H was also able to detect the re-addition of cholesterol and decorated the PM following the reintroduction of its ligand. These results indicate that D4H is responsive to changes in the plasmalemmal cholesterol.
To examine the dynamics of cholesterol during phagosome formation we transfected RAW macrophage cells with D4H and challenged the cells with IgG opsonized particles. During phagocytosis, we found that D4H was depleted from the base of the phagocytic cup while being partly enriched towards the front of the migrating pseudopods ( Figure 1B, C) . Once internalized there was an apparent decrease in the intensity of the D4H in the nascent phagosome compared to the unengaged PM. This is consistent with reports that demonstrated that early -10 min old phagosomes-are depleted of cholesterol relative to the PM 5 . We extended this observation to the normally non-phagocytic COS-1 cells. In this experiment, COS-1 cells rendered phagocytic by stably expressing the FcγRIIa, hereafter referred to as COS-IIA, were transiently transfected with D4H and challenged with IgG-opsonized particles 6 . As shown in Figure 1D , COS-IIA cells displayed similar D4H dynamics during phagocytosis, with D4H present in the PM and enriched in pseudopods and reduced at the base of the phagocytic cup and nascent phagosome. Collectively, these results demonstrate that cholesterol is locally depleted during phagocytosis and that the mechanism of this diminution is inherent to both macrophage and engineered phagocytic cells.
Depletion of exofacial and cytosolic cholesterol during phagocytosis
The apparent loss of cholesterol from the inner leaflet could be the result of flopping to the exofacial leaflet. Indeed, previous studies have demonstrated that the ABC transporter ABCA7 is required to support phagocytosis 7 . The mammalian ABCA7
shares high sequence similarity to the Caenorhabditis elegans CED-7 gene which was also shown to be required for phagocytosis of apoptotic cells 7 . We examined the distribution of both a GFP-tagged recombinant version of D4 and filipin during phagocytosis. Macrophages were transfected with D4H to visualize inner leaflet cholesterol and incubated with recombinant His6x-GFP-D4 to label exofacial cholesterol (His-D4). During the course of phagocytosis both cholesterol probes displayed a similar localization suggesting that flopping to the outer leaflet was not accounting for the reduction in D4H signal at the base of the cup and nascent phagosome (Figure 2A, C) .
There is no difference in the fluorescence intensities of D4H or His-D4 labeled cells ( Figure 2C ). While not particularly useful for live-cell imaging, filipin has been widely used to visualize cholesterol in healthy cells and cells with lipid storage disorders such as Niemann-Pick Type C [8] [9] [10] . Staining RAW cells with filipin revealed that both D4H and filipin signals were diminished from the base of the phagocytic cup during phagocytosis (Figure 2A, C) . Collectively, our results using the D4-derived porbes and filipin, together
with previous biochemical determinations demonstrate that cholesterol is depleted specifically at the base of the phagocytic cup during the formation of the nascent phagosome.
Cholesterol-rich and -poor domains are both depleted during phagocytosis
Membrane rafts are thought to act as a scaffold to mediate signal transduction events and suggest a role for cholesterol during FcγR signaling [11] [12] [13] [14] . Therefore, a reduction in cholesterol from the base of the phagocytic cup could be due to the preferential loss or displacement of cholesterol-rich membrane domains. To this end, we examined whether the membrane raft markers, flotillin and GFP-GPI, are depleted explicitly during phagocytosis. As shown in Figure 2B and C, flotillin and GFP-GPI display a similar localization as the D4H during the phagocytosis process. However, a similar pattern was observed for a non-membrane raft resident protein, GT46, a synthetic fusion protein comprised of the signal sequence of lactase-phlorizin, GFP, a consensus Nglycosylation site, the transmembrane domain of the LDL receptor and the cytoplasmic tail of CD46 15 . Together these results demonstrate that both raft and non-raft components are equally diminished during phagocytosis.
Focal exocytosis of endosomes locally dilutes cholesterol
Extensive membrane remodeling occurs during phagocytosis with both focal endocytosis and exocytosis occurring during the progression of phagosome formation 16 .
To test whether endocytosis and exocytosis are contributing to the reduction of cholesterol from the base of the phagocytic cup, we inhibited each process individually and monitored cholesterol using D4H. To block clathrin-mediated endocytosis, we treated macrophages with Dyngo 4a, an inhibitor of dynamin, a GTPase required for the scission of vesicles from the PM. As a control, Dyngo 4a was a potent inhibitor of transferrin endocytosis ( Figure 3A) . However, during phagocytosis of IgG-opsonized particles, Dyngo 4a had little impact on the dynamics of cholesterol as monitored by the D4H probe ( Figure 3B, C) . Thus, while endocytosis is occurring during phagosome formation, it is not removing a significant portion of the cholesterol-rich membrane.
The exocytosis of endosomes and lysosomes is known to be critical to support phagocytosis, especially of large particles 17, 18 . We theorized that the exocytosis of relatively cholesterol-poor endosomes/lysosomes could locally dilute the cholesterol in the base of the phagocytic cup. Co-expression of D4H together with markers of endosomes, lysosomes and lipid droplets demonstrated that only a fraction of the organelles had sufficiently high levels of cholesterol to be decorated with the probe. For instance, we found that of the cytoplasmic D4H puncta ≈49% were positive for Rab7 and ≈38% were positive for the lipid droplet stain BODIPY ( Figure 3D , E). Other endosomal markers including Rab4, Rab5, and Rab11a which are markers for fast recycling, early endosomes and slow recycling, respectively, accounted for only a small fraction of the cytoplasmic D4H punta.
To determine if exocytosis was responsible for the localized depletion of cholesterol in the forming phagosome, we inhibited the activity of N-ethylmaleimidesensitive factor (NSF), a hexameric protein that mediates the recycling of SNARE proteins required to support exocytosis 19, 20 . ligand (DDS) a portion of the aggregated protein is released, or "knocked-loose", allowing for acute impact of the DN-NSF (Supp Fig 1A) . Unfortunately, despite repeated attempts with variations of the protocol we could not get the DDS to work with the RAW macrophage. Indeed, macrophage are known to express a significant amount of detoxification proteins and we suspect that in these experiments we did not obtain a critical concentration of the DDS compound within the RAW cells 22 .
We Figure 3H ). This suggests that it is exocytosis and the delivery of endomembranes to the phagocytic cup that contributes to the reduction of cholesterol in the base of the phagocytic cup.
Diminution of cholesterol and Lyn kinase displacement
Our observation that there is a localized reduction in cholesterol content at the base of the forming phagosome, together with lipidomics data demonstrating that there is less cholesterol in early phagosomes compared to the PM 5 , led us to ponder if these dynamic changes in cholesterol had any biological significance. Previous results had demonstrated that activation of the homologous FcεR results in the transition of Lyn kinase from Triton X-100 soluble to insoluble fractions 23 and that cholesterol-rich membrane domains promoted Lyn kinase activity in mast cells 24 . Conversely, removal of cellular cholesterol decreases tyrosine phosphorylation and prevents the association of Lyn and activated FcεR with detergent resistant membranes 25, 26 . Lyn kinase possesses two lipid modifications, myristoylation and S-palmitoylation, required for localization to the PM. In macrophage the association of FcγR with detergent resistant membranes is also necessary for tyrosine phosphorylation leading to the conclusion that cholesterol-rich domains are important during phagocytosis 27 . Consistent with this notion is the observation that following activation, FcγRII and Lyn are found in detergent resistant membranes while removal of cholesterol with mβCD displaces Lyn thereby preventing FcγR phosphorylation. This demonstrates that membrane rafts that are enriched with cholesterol can act to mediate Lyn kinase activity 28 .
We sought to investigate Lyn kinase signaling and tyrosine phosphorylation during FcγR-mediated phagocytosis in RAW macrophage. As shown in Figure 4A , the loss of cholesterol during phagocytosis is also accompanied by a nearly equivalent reduction in Lyn. However, this was not due to displacement of the phagocytic receptor 
Plasmids
The plasmids used in this study were previously generated TdTomato D4H 
The hGH was excised from the pC 4 S 1 -EGFP-4xFKBP(F36M)-hGH plasmid with
Spe1/BamH1 and the NSF (E329Q) was cloned into this site. The plasmid was sequenced to confirm the presence of the E329Q mutation in NSF. Primer sequences used to generate the constructs are available upon request.
Cell culture and DNA transfection
The murine macrophage cell line RAW264. 
Purification of His-D4H-GFP
His6x-GFP-D4 fusion protein was overexpressed in E. coli strain BL21 (Rosetta) and Particles that were not internalized were labelled by staining with secondary antibodies against human IgG conjugated to a fluorophore that is different from the one used to label the particles.
Endocytosis and exocytosis assay
RAW 264.7 macrophages cells were plated onto 1.8 cm glass coverslips and allowed to grow for 24 hours before transfection. Macrophages were treated with 15 µM Dyngo 4a at 37°C (Abcam) for 20 minutes in serum free DMEM before the addition of 50 µg/ml Alexa Fluor 647 conjugated transferrin at 37°C for 10 minutes in serum free DMEM.
Fluorescently labelled 8µm polystyrene beads were used for phagocytosis after Dyngo treatment.
To release the aggregated NSF, RAW macrophages were plated on 1.8 cm glass coverslips and allowed to grow for 24 hours before transfection with Td-Tomato D4H
and GFP-4xFKBP-NSF-DN. Macrophages were serum starved for 1 hour before treating with 0.5µM DDS at 37°C for 1.5 hours in serum free DMEM and 50µg/ml Alexa Fluor 647 conjugated transferrin at 37°C for 10 minutes in serum free DMEM.
Fluorescently labelled 5µm polystyrene beads were used for phagocytosis after treatment of cells with DDS.
Frustrated phagocytosis assay
IgG opsonized coverslips were prepared by incubating 1.8 cm glass coverslips with 1.87 mg/ml human IgG shaking overnight at 4°C. RAW264.7 macrophages were plated and allowed to grow for 24 h. Macrophages were transfected with FuGENE HD (Promega) according to the manufacturer's instructions. 18-24 h post transfection, macrophages were serum starved, scraped and incubated at 37°C for 15 min. Cells were parachuted onto IgG coated coverslips and incubated at 37°C before fixing with 4% paraformaldehyde (PFA).
Confocal microscopy
Images were acquired on a spinning disk confocal microscopy system (Quorum 
